The cis-prenyltransferase gene LLA66 (Lilium longiflorum anther-66), the first prenyltransferase to be identified in the tapetum and microspores, was selected from a suppression subtractive cDNA library during microspore development in the anther of L. longiflorum. The LLA66 cDNA encodes a polypeptide of 308 amino acids with a calculated molecular mass of 35.7 kDa. Thermal asymmetric interlaced-PCR was employed to obtain the 5 0 -regulatory region of LLA66. Sequence alignment revealed that the LLA66 protein shares 30-41% identity with cis-prenyltransferases of various broad-spectrum species and is phylogenetically distinct from other monocot cis-prenyltransferases. Based on critical regulatory domains in cis-prenyltransferase, LLA66 was concluded to catalyze the production of long-chain polyprenyl products. RNA blot analysis indicated that the LLA66 gene is anther specific and differentially expressed during microspore development in the anther. In situ hybridization with the digoxigenin-labeled antisense riboprobe of LLA66 showed strong signals at the tapetal layer of the anther wall. The LLA66 mRNA was also coordinately detected in the microspores. Furthermore, gibberellin inhibitor analysis indicated that the LLA66 gene is endogenously induced by gibberellin, but its induction is independent of ethylene regulation. Reverse transcription-PCR analysis indicated that gene expression of LLA66 both in the microspore and in the anther wall increased to the maximum level, at which stage the tapetum became highly active and secretory. The enzyme activity of prenyltransferases in various stages of microspore development correlated with tapetal growth and disintegration. LLA66 was introduced into Saccharomyces cerevisiae, and the His-tagged LLA66 protein was affinity purified using Ni 2+ -nitrilotriacetic acid-agarose. The involvement of cis-prenyltransferase in the anther in the synthesis of dolichols and polyprenols is discussed.
Introduction
The stamen, which is the male reproductive organ of the flower, is composed of a filament and an anther. Within the anther, sporogenous tissue undergoes meiosis to produce microspores that divide further to form pollen. Concomitant with meiosis in the sporogenous cells, the tapetum, which is the innermost anther wall layer, becomes a secretory tissue that nourishes the developing microspores and pollen grains. For instance, at the end of meiosis, microspores are released from the callose wall enclosing the tetrad by callase, an enzyme produced in the tapetal cells (Stieglitz and Stern 1973) . Sporopollenin, carotenoids, flavonoids and enzymes are synthesized in the tapetum and secreted into the anther locule, and they help complete the wall development of pollen grains (Scott et al. 2004 , Ma 2005 , Huang et al. 2009 ). The tapetum also provides pollen with adhesive and signaling molecules that are critical for interactions with the pistil during pollination (Suen et al. 2003) . In addition, gibberellins have been found to be synthesized in the tapetum (Kaneko et al. 2003) and to be profoundly involved in the regulation of tapetal development and pollen growth. The synthesis of critical nutrient resources and regulators in the tapetum renders a differentiated tapetum essential for proper microspore and pollen development (Kapoor et al. 2002 , Yang et al. 2007 . To understand the function of tapetum at the molecular level, several research groups have isolated cDNAs representing tapetum-specific transcripts from various species Plant Cell Physiol. 52(9): 1487-1500 (2011) doi:10.1093/pcp/pcr090, available online at www.pcp.oxfordjournals.org ! The Author 2011. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com (Rubinelli et al. 1998 , Xu et al. 2006 . A number of tapetal genes have previously been reported to be regulated by gibberellin in the anther (van den Heuvel et al. 2002 , Hsu et al. 2008 , Tzeng et al. 2009 ). However, our knowledge of gene expression and regulation specifically involved in the early program of anther development is still limited.
Prenyltransferases are involved in the biosynthesis of isoprenoids, which are necessary for plant growth and survival. The first phase of the isoprenoid biosynthetic pathway is the formation of the basic building unit of isoprenoid [isopentenyl diphosphate (IPP)]. Synthesized short-chain isoprenoid diphosphates, such as geranyl diphosphate (GPP, C10), farnesyl diphosphate (FPP, C15) and geranylgeranyl diphosphate (GGPP, C20) units, serve as important starting molecules that produce several longer chain isoprenoid compounds such as dolichol and polyprenols or, from GGPP, a starting molecule to form carotenoids, steroids, xanthophylls and anthocyanins through a series of reactions (Grabinska and Palamarczyk 2002 , Bajda et al. 2009 ). Since tapetum is a gland-like layer in the anther, producing carotenoids, dolichol, polyprenols, and many other compounds to facilitate microspore/pollen growth, characterization of those associated prenyltransferases is thus of great importance. Prenyltransferases are classified as trans-or cis-prenyltransferases based on the configuration of their isoprene units in the final reaction products. The cis-prenyltransferases are structurally related to each other but they are not homologous to the trans-prenyltransferases and appear to use a different mechanism (Kharel and Koyama 2003) . Five highly conserved regions involving chain length determination, IPP binding, an essential catalytic site and allylic-diphosphate binding exist in the primary structures of cis-prenyltransferases . cisPrenyltransferases can be classified into three subgroups according to their specificity for the product chain length, i.e. short-, medium-and long-chain cis-prenyltransferases; important amino acid residues are necessary for the determination of product chain length (Kharel et al. 2006, Takahashi and . cis-Prenyltransferases have been identified in bacteria and yeast (Kurokawa et al. 1971 , Shimizu et al. 1998 , Apfel et al. 1999 , Schulbach et al. 2000 , Kaur et al. 2004 , Ambo et al. 2009 ) and only a few have been reported in plants. Previous research has identified the Arabidopsis cis-prenyltransferase gene whose encoded product may act as a key enzyme in dolichol biosynthesis or be involved in rubber biosynthesis (Cunillera et al. 2000 , Oh et al. 2000 . The Arabidopsis thaliana genome contains nine genes with a sequence similar to that of cis-prenyltransferases, indicating diversity in location and function. The other identified plant gene encoding cis-prenyltransferases from Hevea brasiliensis may participate in the biosynthesis of natural rubber (Asawatreratanakul et al. 2003) . The bottom (lutoid) fraction membrane has been suggested to serve as the site for initiation of new rubber formation . Recently, a tomato cis-prenyltransferase in glandular trichomes that synthesizes neryl diphosphate was identified (Schilmiller et al. 2009 ). Further cis-prenyltransferase genes from different organs of plant species should be identified due to the diverse locations and functions of cis-prenyltransferases in order to obtain a better understanding of the biosynthesis pathway and function of the enzyme.
To identify genes specifically expressed in the microspore, a cDNA library was constructed during microspore development using suppression subtractive hybridization (Diatchenko et al. 1996) . Many cDNAs specific for microspore development have been identified (Hsu et al. 2008) , among which LLA66 (Lilium longiflorum anther-66) appeared to encode a cis-prenyltransferase. The temporal and tissue-specific expression of the gene and function of the purified gene product were characterized. LLA66 is a gibberellin-induced gene independent of ethylene regulation. The expression patterns of LLA66 as well as the prenyltransferase activity in the microspores correlated with tapetal growth and disintegration.
Results

Phylogenetical distinction of LLA66 from other monocot cis-prenyltransferases
The LLA66 gene was identified from a subtractive cDNA library during microspore development in the L. longiflorum anther (Hsu et al. 2008) . The full-length 1,151 bp LLA66 cDNA excluding the poly(A) tail (accession No. DQ911525) was obtained; its length is close to the measured size of LLA66 mRNA visualized on an RNA blot (data not shown). The LLA66 cDNA contains a 927 bp open reading frame that encodes a polypeptide of 308 amino acids with a calculated molecular mass of 35.7 kDa, and the basic protein derived from it had an isoelectric point of 9.3. Assessment of the hydropathy profile (Kyte and Doolittle 1982) showed that the LLA66 polypeptide does not have a strong hydrophobic region near the N-terminus, indicating the absence of a signal peptide ( Supplementary Fig. S1 ). The predicted amino acid sequence of LLA66 was used to search protein databases. Sequence alignment revealed that the LLA66 protein, in which all five conserved regions of cisprenyl chain elongating enzymes are found, shares 30-41% identity with cis-prenyltransferases of various broad-spectrum species (Fig. 1) . A signature of the undecaprenyl diphosphate synthase family was also found within region V of LLA66. These conserved regions are considered important for substrate binding and catalytic functions .
The thermal asymmetric interlaced (TAIL)-PCR strategy was employed to obtain the 5 0 -regulatory region of LLA66 ( Supplementary Fig. S2 ). The LLA66 gene (accession No. JF933908) contains 207 bp 5 0 -untranslated regions. The presumed CAAT and TATA box sequences were 227 and 29 bp upstream of the putative transcriptional start site, respectively. By analyzing the PLACE database (Higo et al. 1999 ), the promoter region was shown to contain various potential (Table 1 ) such as a gibberellin-responsive element (TAA CAAR) (Ogawa et al. 2003) , two gibberellin response elements also involving sugar repression (CCTTTT) (Morita et al. 1998 , Mena et al. 2002 , several gibberellin response elements (TGAC) (Zhang et al. 2004 ), a cysteine proteinase element up-regulated by gibberellin (CAACTC) (Sutoh and Yamauchi 2003) , an auxin response element (TGTCTC) (Goda et al. 2004) , elements for transcriptional activation by auxin and salicylic acid (TGACG) (Despres et al. 2003) , elements for many light-regulated genes (GRWAAW) (Terzaghi and Cashmore 1995) , an ABA response element (ACACNNG) (Kim et al. 1997) , dehydrationresponsive elements involved in ABA signaling (CACATG, YAACKG and CNGTTR) (Urao et al. 1993 , Abe et al. 1997 , Abe et al. 2003 , elements for WRKY DNA-binding sites (TTG AC) (Yu et al. 2001 ) and a core site required for binding of Dof proteins (AAAG) (Yanagisawa and Schmidt 1999) . In particular, pollen-specific activation-related elements (AGAAA) (Bate and Twell 1998) and late pollen gene g10-related elements (GTGA) (Rogers et al. 2001 ) were also present ( Table 1) .
cis-Prenyltransferases are divided into the three major kingdoms ( Supplementary Fig. S3 ): animal (I); microorganism (II); and plant (III). The lily cis-prenyltransferase was observed to be phylogenetically distinct from other monocot cis-prenyltransferases. The LLA66 protein shares 40% identity with monocot cis-prenyltransferases from rice and maize, whereas it shares a slightly higher level of identity (43%) with cis-prenyltransferases from dicots, Vitis vinifera and Populus trichocarpa.
LLA66 may catalyze long-chain polyprenyl products based on sequence comparisons
Critical regulatory domains in cis-prenyltransferases have been reported for the determination of the end-product chain length (Kharel et al. 2006 ). LLA66 does not possess Leu94, Leu95 and Leu100, which are the characteristic short-chain residues in region III (Kharel et al. 2006) . Instead, the corresponding alanine, phenylalanine and phenylalanine in LLA66 are identical to those in Rer2p and Srt1p from Saccharomyces cerevisiae, which have been categorized as long-chain cis-prenyltransferases (Fig. 1) . With the exception of ACPT from Arabidopsis, the corresponding alanine, phenylalanine and phenylalanine residues in those plant cis-prenyltransferases are all conserved. Similarly, LLA66 does not possess a histidine residue at position 251, which is also a characteristic feature of short chains (Kharel et al. 2006 ); LLA66 possesses leucine at the corresponding residue identical to that in Srt1p and Rer2p. Again, with the exception of ACPT from Arabidopsis, the corresponding leucine residue in those aligned plant cis-prenyltransferases is conserved (Fig. 1) .
In addition, Ambo et al. (2008) have pointed out that Ile65 in Mt_FPS and Ile59 in Tf_FPS are conserved among the short-chain cis-prenyltransferases, whereas the corresponding residue in LLA66 and other aligned plant cis-prenyltransferases is leucine (Fig. 1) . Furthermore, an important region for producing polyisoprenoid chains longer than C 55 has been identified in a stretch of 3-7 amino acid residues downstream of the conserved region III (Fig. 1, indicated by blue underlining) , whereas the short-and middle-chain cis-prenyltransferases lack this sequence (Kharel et al. 2006) . It is intriguing that LLA66 and other aligned plant cis-prenyltransferases also possess a stretch of amino acid residues in the corresponding region, similar to yeast long-chain cis-prenyltransferases. Taken all together, we concluded that LLA66 may catalyze long-chain polyprenyl products.
Spatial and temporal expression of the LLA66 gene in lily plants
Total RNA was isolated from vegetative organs (root, stem and leaf) and floral organs in 34-46 mm buds (tepal, filament, anther and carpel, comprising stigma, style and ovary) to determine the organ specificity of LLA66 gene expression in lily plants. The isolated mRNA on a blot was hybridized with 32 P-labeled LLA66 cDNA ( Fig. 2A) . Hybridization signals were only detected in the RNA samples from the anther, indicating that the gene was organ specific.
Blots of total RNA isolated from anthers of lily buds of varying size classes were hybridized with 32 P-labeled LLA66 cDNA to determine the expression pattern of LLA66 during anther development. The LLA66 transcript was abundantly detected in the anther in 34-36 mm buds and then was significantly diminished but retained its signal in the anther in 44-46 mm buds. The changing pattern of LLA66 gene expression corresponds to microspore development and major cytological changes in the wall layers (Fig. 2B ). Signals were not detected before meiosis and during pollen maturation. Overall, the LLA66 transcripts were detected during microspore development. More than half of the amino acid residues are identical among sequences and these are highlighted by black blocks. The red underlining indicate the five conserved regions of sequences (I-V). The blue box indicates the undecaprenyl diphosphate synthase family signature. Triangles indicate residues that are critical for product length determination. The blue underlining indicates the extra residues that are characteristic for long-chain cis-prenyltransferase. Short-chain cisprenyltransferases, Mt_FPS and Tf_FPS; medium-chain cis-prenyltransferase, Ml_UPS; long-chain cis-prenyltransferases, Sc_Rer2p and Sc_Srt1p.
Anthers of different size classes were dissected into two parts, the anther wall and the microspores, to determine further whether the gene was expressed in the microspores. A blot of total RNA isolated from microspores at various developmental stages was hybridized with 32 P-labeled LLA66 cDNA. In addition to those characterized in the anther wall (tapetum), LLA66 transcripts were coordinately detected in the various stages of microspores in buds of 34-46 mm (Fig. 2C) . No signals were detected from blots of mRNA isolated from the microspores/ pollen in 60-65 mm buds or thereafter (lanes 4 and 5), reinforcing the stage specificity of LLA66 gene expression in the anther/microspores. Signals detected in the anther and anther wall were used as control.
In situ localization of LLA66 mRNAs in developing lily anthers
In situ hybridization with the digoxigenin (DIG)-labeled antisense RNA probe of the LLA66 gene was performed to determine the cellular location of the transcripts. No signal was visible in sections of anthers in 35-40 mm buds that were treated with sense probes (Fig. 3B) . When the DIG-labeled antisense riboprobe of LLA66 was used, hybridization signals with dark brownish purple signals were observed in the tapetum of 35-40 mm buds (Fig. 3C, D) whereas no signal was visible in sections of anthers in 20-25 mm buds (Fig. 3A) . At this time, the tapetal cells became polarized and highly secretory in the anther. The brownish purple signals observed in the tapetum indicated that the transcripts of the LLA66 gene were significantly expressed in the tapetum compared with the other anther wall layers. However, hybridization signals in the microspores were not discernible due to their distorted structure. As buds grew to 45-50 mm, the tapetal cells began to disintegrate in the anther (Fig. 3E, F ) and the strength of hybridization signals decreased compared with the cells observed in the tapetum of 35-40 mm buds, suggesting significant downregulation of LLA66 gene expression (Fig. 3G, H) .
Effects of gibberellin and ethylene on the regulation of LLA66
Gibberellin was exogenously applied to investigate its inductive effect on gene expression. Cut lily plants with 17-20 mm buds were dipped in solutions containing various concentrations of GA 3 for 24 h, after which the total RNA was extracted from the anther. RNA blot analysis revealed that the LLA66 gene did not respond to exogenous GA 3 , whereas the expression of the LLA115 gene (Tzeng et al. 2009 ), which served as a control, was up-regulated even when only as little as 1 mM GA 3 was applied (Fig. 4A) .
Gibberellin is produced in the tapetum (Kaneko et al. 2003) . In the present study, uniconazole, a potent inhibitor of gibberellin biosynthesis (Nambara et al. 1991) , and 2, 5-norbornadien (NBD), an effective inhibitor of ethylene action (Steffens et al. 2006) , were applied to examine further whether the LLA66 gene is stimulated by endogenous gibberellin and other hormones in the anther. Plants with 17-20 mm buds were used because signals of LLA66 mRNA were not detected in the anther at this stage. Cut plants with 17-20 mm buds were dipped in a solution with or without 100 mM uniconazole and/or 100 mM NBD and continuously grown to 21-24 mm ($4 d), after which the total RNA was extracted from the anther. RNA blot analysis revealed that without uniconazole and NBD, the LLA66 and LLA115 mRNAs accumulated in the anther after buds grew from 17-20 to 21-24 mm (Fig. 4B) . When 100 mM uniconazole was added, mRNA accumulation was completely inhibited, indicating that the two genes were induced by endogenous gibberellin. In contrast, when 100 mM NBD was applied, the accumulation of LLA66 mRNA did not increase, whereas the LLA115 mRNA was intensely enhanced (Fig. 4B) . These findings clearly indicated that the expression of LLA115, but not that of LLA66, was negatively regulated by ethylene. Thus, the LLA66 gene is a gibberellin-induced gene independent of ethylene regulation. It is noted that the LLA66 transcripts were detected in 21-24 mm buds but were undetectable in buds of the same length (Figs. 2B, 3) in plants grown in various seasons. The expression profile of the LLA66 gene in the growing anther may shift a little earlier than that of plants grown in a different season; the induction pattern, however, remains consistent.
Prenyltransferase activity in the microspores correlates with tapetal development
Total protein was extracted from the anther wall and the microspores of varying size classes of buds to analyze the pattern of prenyltransferase activity in the tapetum and microspores. A standard activity assay of prenyltransferases was performed using IPP and FPP as substrates. As shown in Fig. 5A , prenyltransferases have relatively high levels of enzyme activity at the early phase of lily bud development (25 mm buds). At later stages of microspore development (65 and 75 mm buds), during which the tapetum became significantly degenerated, the enzyme activity of prenyltransferases remained high in the anther wall. RT-PCR analysis of various stages of developing anther wall indicated that the LLA66 gene is expressed to the maximum level in the anther wall of 35 mm buds (Fig. 5A , lower panel). These data suggest that prenyltransferases exist not only in the tapetum but also in other layers of the anther wall. On the other hand, the highest level of prenyltransferase enzyme activity observed occurred in the microspores of 45 mm buds, at which stage the tapetum became highly active and secretory (Fig. 5B ). In agreement with this, RT-PCR analysis of various stages of microspores indicated that the expression of the LLA66 gene increased to the maximum level in the microspores of 35 mm buds, a stage shortly before the commencement of maximum activity of total prenyltransferases (Fig. 5B, lower panel) . It is intriguing that the pattern of prenyltransferase activity in the microspores correlated with tapetal growth.
Overexpression of recombinant LLA66 in yeast
The overexpressed recombinant LLA66 based on the pET32a expression system in Escherichia coli was found in the inclusion bodies (data not shown). Because it was not feasible to conduct an activity assay, LLA66 was subsequently overexpressed in yeast using a pYES2/CT expression vector that contains a 6-His tag to obtain LLA66 in the soluble fraction. After the yeast was induced with 2% galactose, the cells were harvested and disrupted by glass beads. Immunoblot analysis of extracted proteins indicated that the recombinant LLA66 with a molecular mass of 35.5 kDa was detected both in the supernatant and in the Ni 2+ -nitrilotriacetic acid (NTA)-agarose-purified fractions (Fig. 6, arrow) . LLP13C, a pollen protein with a molecular mass of approximately 56.2 kDa, was used as a control.
Discussion
A subtractive cDNA library was previously constructed to identify genes expressed during microspore development in L. longiflorum. Of those identified genes, LLA66 was chosen for further investigation. Sequence alignment revealed that the LLA66 protein is a cis-prenyltransferase. The lily LLA66 is phylogenetically distinct from other monocot cis-prenyltransferases ( Supplementary Fig. S3) . Alternatively, the distinction between LLA66 and other monocot genes may be reflected by the specificity of the gene in the anther. To our knowledge, this is the first prenyltransferase to be identified in the anther. The LLA66 gene is anther specific and differentially expressed during microspore development (Fig. 2) . It is consistent with the promoter analysis where elements for pollen-specific expression exist in the 5 0 -regulatory region of LLA66 (Table 1) . Further analysis by in situ hybridization demonstrated that the gene transcripts accumulated in the tapetum (Fig. 3) . The temporal expression pattern of LLA66 correlates with tapetal development and degeneration. When buds reached 34-36 mm in length, the LLA66 mRNA began to accumulate and eventually reached the maximum level. During this time, the tapetum became highly secretory in the anther. Afterwards, the LLA66 mRNA significantly decreased as the tapetal cells began to disintegrate (Figs. 2B, 3) . Moreover, the LLA66 gene was not only expressed in the tapetum but was also coordinately expressed in the microspores during their development, as confirmed by blot analysis of microspore RNA (Fig. 2C) . The gametophytic microspore is an organ structurally distinct from the tapetum, which is of sporophytic origin in the anther. The coordinate expression of the LLA66 gene both in microspores and in the tapetum suggests that a network of signal communication exists between the two types of cells in the developing anther. Prenyltransferases displayed high levels of enzyme activity in the anther wall, not only at the early stages of lily bud development but also during tapetal cell degeneration (Fig.  5A) . No coordinated prenyltransferase activity was observed in the anther wall, probably because prenyltransferases exist in other layers of the anther wall.
When gibberellin is exogenously applied, the LLA66 gene does not respond (Fig. 4A) . Although the inductive mechanism by which the gene may be activated is not yet clear, it is obvious that the transduction pathway induced by exogenous gibberellin is not the same as that induced by gibberellins that are naturally produced in the anther. Alternatively, the inconsistency of the response of LLA66 to exogenous gibberellin may be due to an insufficient duration of exposure to the gibberellin treatment. Despite the fact that the LLA66 gene does not respond to exogenous gibberellin, the LLA66 gene is regulated by gibberellins in growing anthers, as indicated by the inhibition of expression of LLA66 by uniconazole (Fig. 4B) . This result is consistent with previously reported data showing that gibberellin is an endogenous plant growth regulator involved in the regulation of gene expression during anther development (van den Heuvel et al. 2002) . It is strongly supported by the fact that various types of gibberellin-responsive elements and elements for repressors of gibberellin signaling exist in the 5 0 -regulatory region of LLA66 ( Table 1 ). The tapetum is the source of gibberellins in the flower (Kaneko et al. 2003) , and the identification of gibberellin-regulated genes is an important step toward understanding the role of gibberellin and its interactions with other hormones in the anther during development. The application of 100 mM NBD strongly increases the accumulation of LLA115 and other gibberellin-regulated mRNAs (Tzeng et al. 2009 ), but this does not hold for LLA66 (Fig. 4B) . Two types of gibberellin-regulated genes can thus be established in view of their expression patterns: genes negatively regulated by ethylene and those (e.g. LLA66) independent of ethylene action. The fact that no ethylene-responsive element is found in the 5 0 -regulatory region of LLA66 (Table 1 ) also reinforces the notion that LLA66 gene expression is independent of ethylene regulation.
According to comparisons between structures of various cisprenyltransferases (Fig. 1) , the present study proposes that LLA66 catalyzes the synthesis of long-chain polyprenyl products based on short-and long-chain cis-prenyltransferase sequences previously identified from S. cerevisiae (Kharel et al. 2006 , Ambo et al. 2008 ) and from Arabidopsis (Oh et al. 2000 ). An important region for producing polyisoprenoid chains longer than C 55 has been identified in a stretch of 3-7 amino acid residues downstream of the conserved region III, whereas the short-and middle-chain cis-prenyltransferases lack this Buds were decapitated and anthers within buds were dissected. Total RNA extracted from the anther was denatured, fractionated on formaldehyde-agarose gels, transferred onto nylon membranes and hybridized with the 32 P-labeled LLA66 and LLA115 cDNA inserts. The LLA115 cDNA was used as a positive control. Almost equal amounts of total RNA were loaded in each lane, as determined by ethidium bromide staining of the gel. sequence (Fig. 1) . This stretch of sequence is part of the hydrophobic cleft and considered to accommodate the elongated prenyl intermediates (Kharel et al. 2006) . LLA66 also possesses a stretch of amino acid residues in the corresponding region, similar to yeast long-chain cis-prenyltransferases. In addition to Arabidopsis ACPT and maize DedolPS6, HRT2 from H. brasiliensis was reported to be a long-chain cis-prenyltransferase (Asawatreratanakul et al. 2003) .
The tapetum is known for its nutritive role during microspore and pollen development (Ma 2005 , Huang et al. 2009 ), and it may be involved in one or more of the following developmental events in the anther. Enzymes and proteins synthesized in the tapetum are active during tapetal degeneration (Sawhney and Nave 1986) , and many of them are associated with the synthesis of sporopollenin or its precursor (Reznickova and Willemse 1980) . Furthermore, many proteins are involved in the synthesis of carotenoids and flavonoids, which in turn form the pollenkitt, a substance deposited on the pollen wall with tapetal debris (Hsieh and Huang 2007) . Carotenoids originate from the isoprenoid pathway. Those biosynthesized short-chain polyprenyl diphosphates, such as GPP, FPP and GGPP units, are formed by the action of trans-prenyltransferases, and GGPP serves as an important starting molecule that ultimately is converted into carotenoids, steroids, xanthophylls, anthocyanins and hormones (e.g. ABA and gibberellins). Alternatively, the short-chain polyprenyl diphosphates may be converted by cis-prenyltransferases to produce longer chain polyprenyl diphosphates, which further form dolichol and polyprenols through a series of reactions (Grabinska and Palamarczyk 2002, Bajda et al. 2009 ). Dolichols serve as lipid carriers of sugars used for protein glycosylation and biosynthesis of glycosylphosphatidylinositol anchors in animal cells, and probably in plant cells as well (Samuelson et al. 2005) . Free dolichol, being an unsaturated lipid, was postulated to function as a free radical scavenger against reactive oxygen species that either were produced by chemicals or UV light or accumulated upon aging (Chojnacki and Dallner 1988, Bizzarri et al. 2003) . Zhang et al. (2008) recently reported that LEW1, a cis-prenyltransferase, catalyzes dolichol biosynthesis and that dolichol is important for plant responses to endoplasmic reticulum stress, drought and dark-induced senescence in Arabidopsis.
The soluble lily cis-prenyltransferase has been successfully expressed and purified from yeast. Further biochemical and enzymatic analyses of the anther-specific cis-prenyltransferase is in progress. This study demonstrates that LLA66 mRNA is C for 1 h, the reaction products produced in the tapetum. The LLA66 gene is endogenously induced by gibberellin, but its induction is independent of ethylene regulation. The enzyme activity of prenyltransferases in various stages of microspore development correlates with tapetal growth and disintegration. As the lily LLA66 does not have a signal peptide at the N-terminus, it is likely that the protein resides in the tapetal cells. The function of cis-prenyltransferases suggests that the lily cis-prenyltransferase in the tapetum and microspores may be involved in the synthesis of dolichols and polyprenols.
Materials and Methods
Plant material and treatments
Plants of lily (L. longiflorum Thunb. cv. Snow Queen) were grown in the field. The anthers which were dissected from bud sizes ranging from 10 to 170 mm varied from 7 to 23 mm in length. Meiosis occurred in the pollen mother cells at a bud size of around 20-25 mm, resulting in the formation of tetrads. At the stage of around 65-70 mm buds, the first mitosis of microspores was completed; immature pollen subsequently formed and developed into mature and dried pollen. Concomitant with the development of the microspore, the tapetum of the anther wall became secretory and then degenerated afterwards. The anther and filament in a bud >25 mm were collected separately, otherwise both were combined and analyzed together. The first three arrays of young leaves around buds, the entire root (approximately 8 cm from the apex), stem and each part of the reproductive organs were dissected and immediately frozen in liquid nitrogen. All materials were stored at À80 C until use. For the treatments with GA 3 (Sigma-Aldrich) and inhibitors, lily plants with buds of the indicated sizes were cut at a length of around 150 mm from the top and dipped in aqueous solutions containing various concentrations of GA 3 or either 100 mM uniconazole (Wako Pure Chemical Industries Ltd.) or 100 mM NBD (Sigma-Aldrich). The cut plants continued to grow to 21-24 mm in bud size (about 4 d) before decapitation.
Isolation of the 5 0 -regulatory region of LLA66 and sequence analysis Lily DNA was isolated from young leaves according to Maliga et al. (1995) . For the isolation of the 5 0 -regulatory region of LLA66, the TAIL-PCR strategy was employed (Liu and Whittier 1995) . A set of nested sequence-specific primers, P-2r (5 0 -CGTTAGGCTTCCGATTG-3 0 ), P-6r (5 0 -CACACCAAC ACAATCTCCC-3 0 ) and P-7r (5 0 -GCTATCACTACTTCTACA CC-3 0 ), was utilized in successive reactions together with a random hexamer for the amplification of the 5 0 -regulatory region of LLA66. Primary TAIL-PCRs (50 ml) contained 1Â PCR buffer (10 mM Tris-HCl, pH 9.5, 50 mM KCl, 0.1% Triton X-100), 2.5 mM MgCl 2 , 200 mM of each dNTP, 200 ng of lily genomic DNA, 1 mM P-2r, 1 mM random hexamer and 2.5 U of Taq polymerase (MDBio. Co. Ltd.). Primary TAIL-PCR was executed as follows: 94 C for 10 min, 32 cycles of 94 C for 1 min, annealing at 57 C for 30 s and elongation at 72 C for 1 min, and a final elongation at 72 C for 10 min, using a GeneAmp PCR System 2400 (Perkin-Elmer). Aliquots (5 ml) of the primary PCR products were directly subjected to secondary TAIL-PCRs (50 ml) containing 1Â PCR buffer, 2.5 mM MgCl 2 , 200 mM of each dNTP, 1 mM P-6r, 1 mM random hexamer and 2.5 U of Taq polymerase. After amplification, aliquots (5 ml) of the Overexpression and purification of lily cis-prenyltransferase in S. cerevisiae. The plasmids pYES2/CT-LLA66, and pYES2/CT-LLP13C, a negative control, were constructed and transformed into S. cerevisiae (INVSc1). The expression of LLA66 and LLP13C was induced by the addition of 2% galactose. The expressed LLA66 (1) and LLP13C (2) fusion proteins in the total lysate (T) and supernatant (S) were extracted and affinity purified using Ni 2+ -NTA-agarose (NTA). The purified proteins from each fraction were dialyzed, concentrated, fractionated by SDS-PAGE and either stained with Coomassie blue or electroblotted onto nitrocellulose and immunologically detected using anti-His-tag antibody. The LLA66 is indicated by an arrow.
secondary PCR products were re-amplified in tertiary TAILPCRs (50 ml). Components and their concentrations were the same as in the secondary reaction except that P-7r replaced P-6r. Amplified products from the reactions were fractionated and either stained with ethidium bromide or blotted onto nitrocellulose membranes. The membranes were prehybridized and then hybridized with an internal probe corresponding to the 5 0 end of the known fragment of LLA66, which had been 32 P labeled. Pre-hybridization, hybridization and washing were carried out as described below for RNA blot analysis. The DNA fragments on the gel corresponding to the positive hybridization signals were eluted and cloned into the pGEM-T Easy vector. Prediction of the 5 0 -regulatory region was carried out using the PLACE database available at http:// www.dna.affrc.go.jp/htdocs/PLACE/. Sequence alignment was achieved using the Vector NTI Suite 8 program (InforMax, Inc.) , and the homology search was done with BLAST (Altschul et al. 1997) .
RNA isolation, RNA blot and RT-PCR analyses
Total RNA was extracted from developing anthers and from other floral and vegetative organs using the Ultraspec RNA isolation system (Biotecx Laboratories, Inc.). To separate microspores from the anther wall, anthers of young buds were sliced open transversely with a scalpel, after which microspores were gently squeezed out into a buffer of 10 mM sodium acetate, pH 5.2. After centrifugation at 5,000 Â g for 3 min, the pellet (microspores) was ready for the extraction of total RNA. RNA samples were electrophoresed in 1.0% formaldehyde-MOPS gels using standard procedures (Sambrook et al. 1989 ) and transferred onto nylon membranes (Micron Separation, Inc.). The membranes were pre-hybridized for 4 h at 42 C in medium containing 5Â SSC (0.75 M NaCl, 75 mM sodium citrate, pH 7.0), 0.1% polyvinylpyrrolidone, 0.1% ficoll, 20 mM sodium phosphate, pH 6.5, 0.1% (w/v) SDS, 1% glycine, 50% formamide and 150 mg ml À1 of denatured salmon sperm DNA using standard procedures (Sambrook et al. 1989) . For hybridization, the pre-hybridization solution was removed and replaced with hybridization buffer that contained the same components as the pre-hybridization buffer but lacked 1% glycine. Denatured salmon sperm DNA (100 mg ml
À1
) and random-primed 32 P-labeled LLA66 cDNA (1.0 Â 10 9 c.p.m. mg À1 ) were added to the hybridization buffer. Hybridization was carried out at 42 C overnight with constant agitation. The membranes were washed twice at 42 C in 2Â SSC, 0.1% (w/v) SDS for 20 min, followed by twice in 0.1Â SSC, 0.1% (w/v) SDS at 60 C for 20 min. The membrane was either visualized using phosphoimager plates or exposed to X-ray film (Konica AX) using one or two intensifying screens (DuPont) for 3 d. At least two independent experiments were carried out for the RNA blot analysis.
For RT-PCR, the first-strand cDNA was synthesized with 3 mg of total RNA using oligo(dT) primer according to the manufacturer's protocol (M-MLV Reverse Transcriptase, Invitrogen Life Technologies). RT-PCR analysis was performed using the gene-specific primer, and a 5 0 -primer (5 0 -CGTGCCAT CACTGCTG-3 0 ) and 3 0 -primer (5 0 -GACACATATAAGGTTAGA C-3 0 ) pair at the 5 0 -and 3 0 -untranslated regions. The PCR mix consisted of 1.5 mM MgCl 2 , 200 mM dNTPs, 1.0 mM each of sense and antisense primers, 2.5 U of Taq polymerase (MDBio) and 1Â PCR buffer supplied with the Taq polymerase. The reaction was conducted under the following protocol: 94 C for 10 min; 25 cycles at 94 C for 1 min, annealing at 57 C for 1 min, 72 C for 1 min; and a final elongation at 72 C for 10 min with use of a PTC-200 Peltier thermal cycler (MJ Research). The resulting PCR products were run on a 1.5% agarose gel containing 0.01% ethidium bromide. The lily housekeeping 18S ribosomal gene with a size of 452 bp was used as an internal control for PCR amplification.
RNA in situ hybridization
Anthers dissected from various lily bud sizes were fixed at 4 C for 16 h under vacuum in 1Â PBS buffer (130 mM NaCl, 7 mM Na 2 HPO 4 and 3 mM NaH 2 PO 4 , pH 7.4) containing 4% paraformaldehyde and 0.25% glutaraldehyde, dehydrated and then embedded in Steedman's wax. The embedded tissues were sectioned (7-10 mm) in a microtone and affixed to poly-Llysine-coated slides. Those sections were prepared by Dr. Mei-Chu Chung, Institute of Plant and Microbial Biology, Academia Sinica in Taiwan. DIG-labeled RNA probes were synthesized using a DIG RNA labeling kit (SP6/T7) (Roche Diagnostics GmbH). In situ hybridization was carried out essentially according to the DNA in situ hybridization protocol previously described in Kao et al. (2006) with some modifications. Hybridization sites were immunologically detected by using an alkaline phosphatase-conjugated anti-DIG antibody diluted 1 : 500 with 1Â TNB buffer [0.1 M Tris-HCl, pH 7.5, 0.15 M NaCl and 0.5% blocking reagent (Roche Diagnostics GmbH)]. Colorization was for 2 h with 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium as substrates of alkaline phosphatase. The hybridization signal viewed under a brightfield microscope is brownish purple. Sections were counterstained with 0.001% Fast Green.
Expression and purification of LLA66 protein in S. cerevisiae
The coding region of LLA66 cDNA as a template and two genespecific primers, one of which is LLA66-over-f (5 0 -CCCAAGCTT GATGATCAGCCACGAGTTATC-3 0 ) containing a HindII site and the other is LLA66-over-r (5 0 -CCGCTCGAGAAATTGTAT ATAACTTGACGCAG-3 0 ) containing an XhoI site, were used for PCR amplification. The coding region of LLA66 was cloned into the HindII/XhoI-cut pYES2/CT expression vector (Invitrogen) to generate an expression plasmid designated pYES2/CT-LLA66. The pYES2/CT-LLA66 and pYES2/CT-LLP13C plasmids expressed LLA66 or LLP13C fusion protein with a His tag at the C-terminus. LLP13C is a pollen protein used as a negative control. The two gene-specific primers were LLP13C-over-f (5 0 -GGCGGATCCATGAGGCTGCTGCTATCGCAAATATCC -3 0 ) containing a BamHI site and LLP13C-over-r (5 0 -GGCCTCGA GTATGACCATATTCTTTCGTAGCCTGATCCC-3 0 ) containing an XhoI site. The resultant construct was transformed into S. cerevisiae strain INVSc1. The procedure for protein expression was according the user manual (Invitrogen). A single colony of INVSc1 containing the pYES2/CT-LLA66 construct was grown on SC (synthetic minimal defined medium for yeast) selective medium [0.67% yeast nitrogen base (without amino acids), 0.01% (adenine, arginine, cysteine, leuine, lysine, threonine and tryptophan) and 0.005% (aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine, tyrosine and valine) amino acid mixtures] containing 2% glucose at 30 C overnight with shaking. The density of the culture was determined at OD 600 . An appropriate amount of culture was centrifuged at 1,500 Â g for 5 min and resuspended in fresh induction medium containing 2% galactose to give a final OD 600 of 0.4. The medium was then grown at 30
C for 24 h with shaking. The cells were washed with sterile water and harvested by centrifugation at 1,500 Â g for 5 min, after which cells were broken by glass beads. The total lysate was recentrifuged at 50,000 Â g at 4 C for 30 min. The supernatant fraction containing LLA66 fusion protein was incubated with Ni 2+ -NTA-agarose at 4 C for 16 h, and then washed five times with washing buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 5% glycerol and 50 mM imidazole, pH 8.0). The purified LLA66 protein was eluted with 3.6 ml (0.4 ml tube À1 ) of elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 5% glycerol and 250 mM imidazole, pH 8.0) and subsequently dialyzed with dialysis buffer (300 mM NaCl, 5% glycerol and 50 mM NaH 2 PO 4 , pH 8.0). The protein was concentrated by Centricon-10 (Millipore) and its concentration was determined. Approximately 15 mg of LLA66 per gram of yeast cell (wet weight) was obtained for each preparation.
Protein preparation, electrophoresis and immunoblotting
Protein concentration was determined by the dye-binding BioRad protein assay (Bio-Rad Laboratories, Inc.) according to the supplier's directions. The overexpressed fusion protein was fractionated by SDS-PAGE and either stained with Coomassie blue or electroblotted onto Immobilon-NC (0.45 mm, Millipore). The immunoblot analysis was conducted according to Wang et al. (1992) . Anti-His-tag antibody was used for the identification of LLA66 fusion protein.
For total protein prepared for enzyme activity assay, anthers were separated into two parts: the anther wall and microspore. The anther within buds of various size classes during the phase of microspore development was sliced open transversely with a scalpel, after which microspores were gently squeezed out into a buffer of 10 mM sodium acetate, pH 5.2. After centrifugation at 5,000 Â g for 5 min, the pellet (microspore) was ready for the extraction of total protein. Total protein was extracted from the anther wall and microspore with extraction buffer [25 mM HEPES, pH 8.0, 5 mM MgCl 2 , 0.5% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM b-mercaptoethanol and 1 mM phenylmethylsulfonyl fluoride (PMSF)].
Enzyme activity assays of total prenyltransferases
A 15 mg aliquot of total protein extracted from the anther wall and the microspores of various size classes of buds was added in the reaction mixture. Enzyme activity assay was performed in a 50 ml reaction mixture containing 100 mM Tris-HCl, pH 7.5, 1 mM dithiothreitol (DTT), 1 mM MgCl 2 , 20 mM FPP and 80 mM [ C and then treated with water-saturated 1-butanol to extract the products of the reaction. The butanol phase was collected and washed with water-saturated NaCl. The extract was mixed with scintillation liquid (PerkinElmer), and the radioactivity was determined by a liquid scintillation analyzer Tri-Carb2800TR (PerkinElmer). Three independent experiments were carried out for enzyme activity analysis.
Supplementary data
Supplementary data are available at PCP online. 
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